.5-17.5/6.8-7.5) was increased in the distal nerve stump 15 days after lesion. The possible cellular sources of these proteins were assessed by comparing protein secretion from unoperated nerves with nerve segments maintained in culture for 4 days (in which the contribution from recruited macrophages would be expected to be minimal) and segments of nerve that had been frozen and then replaced in situ for 4 days (in which the contribution from nerve sheath cells would be expected to be minimal). This revealed that three of the proteins up-regulated in lesioned nerves (27-31/ 4-5, 15/5.3, and 12.5-17.5/6.8-7.5) are probably sheath cell products, while the other two (38/5-6 and 8/G10) may be secreted mainly by macrophages (or other cells) that infiltrate the frozen nerve segments. The identity of these proteins and their possible involvement in axonal regeneration remain to be determined.
INTRODUCTION
It is well known that after a peripheral nerve has been cut, regenerating axons tend to grow toward the distal nerve stump (2, 5, 35, 42) and it is widely believed that this occurs in response to the release of diffusible factors from the part of the nerve distal to the lesion. In support of this hypothesis, several studies have shown that diffusible factors released from lesioned peripheral nerves can stimulate neurite outgrowth from isolated dorsal root ganglia (DRGs) or dissociated sensory neurons (13, 23, 26, 27, 37, 40, 43) . Factors released from degenerating nerves may also stimulate Schwann cell proliferation (24) . Interestingly, a recent study (22) showed that medium conditioned by peripheral nerve segments could stimulate neurite outgrowth from dissociated retinal ganglion cells in vitro, and since implants of peripheral nerve segments into the vitreous body of the eye can promote retinal axon regeneration into the crushed optic nerve in vivo (4, 6) , this suggests that peripheral nerves may release diffusible factors that also promote regeneration of CNS axons.
Identification of the axonal growth factors expressed by degenerating peripheral nerves has been the object of numerous studies. Because members of the neurotrophin family of growth factors can stimulate neuronal survival and axon outgrowth (10) they have been considered as candidates for injury-induced growth factors. Thus, it has been shown that factors released from lesioned nerves can stimulate neurite outgrowth from embryonic sensory and sympathetic ganglia and the activity of these factors can be largely neutralized by antibodies to NGF (13, 37, 40, 43) . However, antisera to NGF do not inhibit regeneration of peripheral sensory axons in vivo (9) . Furthermore, in adult animals expression of the high-affinity receptor for NGF (trkA) is restricted to sympathetic and mainly small-diameter sensory axons (29) , raising the question as to what might stimulate the growth of the other classes of motor and sensory axons, which do not express trkA. Similarly, blocking trk receptor signal transduction does not abolish nerve regeneration (11, 12) , indicating that other factors in addition to neurotrophins are involved in regeneration.
During the past few years, molecular biological techniques have been used to demonstrate expression in lesioned nerves of a number of factors that can stimulate the growth of sensory and motor axons in vitro. These include the neurotrophins NGF, BDNF, and NT-4 (14) , IGFs (21), LIF (7), and GDNF (41) . However, the precise role of these factors in peripheral nerve regeneration remains largely unknown. In order to look for novel factors involved in peripheral nerve regeneration, several investigators have used two-dimensional (2-D) gel electrophoresis to compare the synthesis and release of proteins from unoperated and lesioned nerves. However, a common finding in these studies was that, apart from an acidic 67-to 70-kDa protein and a 34-to 37-kDa protein, similar to apolipoprotein E (Apo-E), few other changes were observed (20, 31) . Apo-E is secreted by macrophages and facilitates membrane biosynthesis by recycling cholesterol from phagocytosed myelin to axonal growth cones (28) . Apo-E has been shown to stimulate neurite outgrowth from embryonic sensory neurons in vitro (19, 33) but its role in nerve regeneration is uncertain since axonal regeneration still occurs after peripheral nerve crush in transgenic mice that lack Apo-E (36).
The failure of 2-D gel electrophoresis to detect changes in secretion of other proteins from lesioned nerves, including expression of the neurotrophic factors demonstrated by molecular biology methods, might be due to their low concentrations. However, the conditions used in most 2-D gel electrophoresis studies do not allow resolution of proteins with molecular masses below about 20 kDa or very basic proteins. Such proteins may be of importance since Bates et al. (3) showed that wound fluid accumulating in silicone chambers attached to lesioned rat sciatic nerves contains survival factors for embryonic cervical and sympathetic neurons whose molecular weight range (4-6, 7-11, and 13-18 kDa), as determined by HPLC, do not appear to correspond to known growth factors. A similar study, using one-dimensional SDS gel electrophoresis, revealed the synthesis by distal nerve stumps of lesioned rat sciatic nerves of an 18-kDa molecule with neurotrophic activity for DRG neurons (17) . Previously, in a study of protein secretion from regenerating axolotl peripheral nerves, we developed a 2-D gel protocol that allowed us to resolve acidic and very basic proteins as small as 3 kDa and revealed changes in the synthesis of several low-molecular-weight proteins following nerve lesion (16) . In the present study we have used the same 2-D gel technique to compare the release of proteins synthesized by unoperated and lesioned mouse peripheral nerves. In addition, we have investigated the possible cellular origins of several of these proteins by determining whether they are secreted by cultured unoperated nerves (in which the contribution from recruited macrophages would be expected to be minimal; e.g., see (1)) or by segments of nerve made acellular by repeated freezing and thawing and then replaced in vivo (in which the contribution from resident macrophages and Schwann cells would be expected to be minimal; e.g., see (18) ).
MATERIALS AND METHODS

Surgery
Adult female BK1 TO mice (B&K Universal, Hull, UK) were used throughout. Mice were anaesthetized by intraperitoneal injection of 10 ml/kg 10% Hypnorm (Janssen), containing 5 mg/ml diazepam. The sciatic nerve was unilaterally exposed at midthigh level and was transected with a pair of microscissors (in seven animals) or a 4-to 5-mm segment of nerve was removed and subjected to five cycles of freezing in liquid nitrogen and thawing, to kill resident cells, and then replaced in vivo (four animals). Skin incisions were then closed with tissue clips. In preliminary experiments we confirmed that freeze-thaw-treated nerve segments failed to incorporate radioactive methionine. Four or 15 days later, the animals were killed by cervical dislocation and the frozen nerve segment or a 4-to 5-mm segment of the distal nerve stump was removed for radiolabeling. Five unoperated mice were also killed and a 4-to 5-mm segment of sciatic nerve was removed from each animal for radiolabeling.
Nerve Cultures
Eleven 4-to 5-mm segments of both sciatic nerves were removed from six unoperated mice and maintained for 4 days individually in 2-ml aliquots of RPMI 1640 medium (Sigma), containing 200 U/ml penicillin, 0.2 mg/ml streptomycin, and 2.5 ng/ml amphotericin at 37°C in a humidified atmosphere of 5% CO 2 and 95% air. Nerve segments were then used for radiolabeling.
In Vitro Radiolabeling
Nerve segments were placed into methionine-free RPMI 1640 medium (ICN) for 30 min and then transferred to 200-µl aliquots of methionine-free RPMI medium containing 0.9 mCi/ml (0.8 mM) [ 35 S]L-methionine (New England Nuclear). Nerves were incubated with radiolabel for 5 h at 37°C. The samples were spun for 5 min at 10,000g to remove cellular debris and the supernatant was divided into two 100-µl portions and precipitated by the addition of 600 µl cold acetone (Ϫ20°C) followed by centrifugation at 10,000g for 45 min. The supernatant was discarded and the pellet was air-dried and stored at Ϫ20°C until required for gel electrophoresis.
2-D Gel Electrophoresis
Samples were analyzed by 2-D gel electrophoresis, using either isoelectric focusing (IEF) or nonequilibrium pH gradient electrophoresis (NEPHGE) in the first dimensions. For IEF the precipitated samples were resuspended in 6 µl of the following solubilization solution: 7.9 M urea, 2.4% 3-[(3-cholamidopropyl) dimethyl-ammonio] 1-propanesulfonate (Chaps), 0.8% Nonidet-P40 (NP-40), 0.06% sodium dodecyl sulfate (SDS), 120 mM ␤-mercaptoethanol, 80 mM dithiothreitol, 5% glycerol, 5.6 mM Tris base, 4.4 mM Tris hydrochloride, 0.66% pH 2.5-5 Pharmalyte (LKB), 2.64% pH 5-7 Ampholine (LKB), 1.1% pH 3.5-10 Ampholine (LKB). For NEPHGE the precipitated samples were resuspended in the same solution, except that the carrier ampholyte mixture was 0.66% pH 2.5-5 Pharmalyte and 3.74% pH 3.5-10 Ampholine.
IEF and NEPHGE were performed in polyacrylamide rod gels (0.75 ϫ 70 mm) composed of 4% acrylamide, 0.25% N,N Ј-methylene-bis-acrylamide, 9 M urea, 1.5% Chaps, and 0.5% NP-40. IEF gels additionally contained 0.54% pH 2.5-5 Pharmalyte, 2.17% pH 5-7 Ampholine, and 1.09% pH 3.5-10 Ampholine, while NEPHGE gels contained 0.54% pH 2.5-5 Pharmalyte and 3.26% pH 3.5-10 Ampholine. Eight gels were run at one time in a standard tube gel apparatus with 0.59 M orthophosphoric acid as anolyte and 0.5 M sodium hydroxide as catholyte. For IEF, gels were loaded with IEF solubilization solution and prefocused for 30 min at 750 V before use. The solubilization solution was removed and the samples were applied on the cathodal side and overlaid with 2 µl of fresh IEF solubilization solution and the following voltage steps were then used: 200 V for 15 min, 500 V for 45 min, 1000 V for 120 min. For NEPHGE the samples were applied on the anodal side and overlaid with 2 µl NEPHGE solubilization solution and the following voltage steps were then used: 100-to 500-V 1-s pulses for 30 min and then 500 V for 80 min. For calibration purposes colored isoelectric point markers (4.7-10.6 and 2.4-5.65 ranges, BDH) or carbamylated creatine kinase markers (BDH) were used. Before being applied to the second dimension, gels were extruded from their supporting glass tubes into 500 µl of transfer buffer (8 M urea, 0.25% NP-40, 2% SDS, 5% ␤-mercaptoethanol, 10% glycerol, 0.05% bromophenol blue in 0.5 M Tris base, pH 5.0), for 2 min at room temperature.
Second dimension electrophoresis was performed on tricine-SDS polyacrylamide mini gels, (39) consisting of a 16.5% resolving gel overlaid with a 10% spacer gel and 4% stacking gel. Molecular weights were calibrated with colored markers (Rainbow ranges of 2.35-46 and 14.3-200 kDa, Amersham). The proteins were then electroblotted onto nitrocellulose membrane for autoradiography, as described previously (16) .
Quantitative Analysis
The silver grain optical density of the developed autoradiographs was quantified by a laser densitometer (UltroScan XL, LKB). Different autoradiographs were then compared by calculating the integrated optical density within the area of any protein spot of interest (''optical volume,'' given in units of AU · mm 2 ) and expressing this as a percentage of the total optical density contained within the area of the entire autoradiograph (optical volume%). For each protein of interest, its mean optical volume% under each experimental condition was determined from between three and five autoradiographs. The significance of any differences between the mean optical volume% of a protein under different experimental conditions was determined by Student's t test and considered to be significant at P Ͻ 0.05.
RESULTS
Injury Induced Proteins
On autoradiographs of 2-D gels of proteins synthesized and released by segments of unoperated sciatic nerve, about 95 individual protein spots could be routinely resolved in the IEF mode (Fig. 1A) and 105 in the NEPHGE mode (Fig. 1B) . Some proteins migrated so closely that they could not always be resolved as single spots and were therefore studied as a group.
Surprisingly few protein spots (only six) demonstrated any changes after lesion (Figs. 1C and 1D ). Of these, three protein groups (designated M2, M3, and M10 in Fig. 1 and Table 1 ) showed a significant (P Ͻ 0.05) increase in methionine incorporation in the distal stump 4 days after lesion, compared with unoperated nerves. Another protein (M7) also showed increased methionine incorporation in the distal nerve stump after 4 days, but this increase was not significant ( Fig. 1D and Table 1 ). By 15 days after lesion, M10 had returned to control levels in the distal stump and M3 had decreased to below control levels, while proteins M2 and M7 had increased further and significantly by 11.4 and 2.5 times their 4 day distal stump values, respectively (Figs. 1C and 1D and Table 1 ). One other protein (M4) demonstrated a significant increase in the distal stump after 15 days, compared with unoperated nerves (Fig. 1C and Table 1 ). Only one protein (M8) demonstrated a significant decrease after lesion, falling to approximately 10 and 25% of the values for unoperated nerves at 4 and 15 days, respectively ( Fig. 1D and Table 1 ).
Possible Cellular Origins of Secreted Proteins
The proteins produced in response to injury could be the products of nerve sheath cells (including fibroblasts, endothelial cells, Schwann cells, and resident macrophages) and/or macrophages recruited from the circulation. To help to narrow down these sources, we studied the proteins secreted by segments of frozen and replaced nerves (Figs. 1E and 1F and Table 1 ) and cultured unoperated nerves (Figs. 1G and 1H and Table  1 ). Proteins M2 and M10 were up-regulated both in frozen and in lesioned distal nerve stumps after 4 days, but not cultured nerves, and may therefore be predominantly recruited macrophage products. However, it is also possible that these proteins may be synthesized by sheath cells in response to factors released by activated macrophages (for example, see (25) ). Protein M4 was up-regulated in cultured nerves and distal nerve stumps after 15 days and may be predominantly a sheath cell product. Proteins M3 and M7 were produced by cultured but not frozen nerves and therefore may also be sheath cell products.
Other Proteins
Two other proteins (M1 and M9) showed no significant change in radiolabel incorporation after injury and might therefore be of little importance for nerve regeneration, although they demonstrated significant increases following culture. Protein M9 also showed a significant increase in frozen-and-replaced nerve segments.
DISCUSSION
Previous studies using 2-D gel electrophoresis (20, 31) have shown that lesioned mammalian peripheral nerves synthesize and release Apo-E (34-37 kDa) and a 67-to 70-kDa protein, although the gels used in those studies would not allow the resolution of proteins with molecular masses below about 15-20 kDa or very basic proteins. The present study, using different methods, shows increased radiolabel incorporation into five proteins secreted by mouse peripheral nerve during the first 2 weeks after lesion. Since lesioned peripheral nerves become infiltrated by leukocytes (34), these proteins could be synthesized by nerve sheath cells and/or macrophages. Differentiation between these possibilities is important since viable nerve sheath cells, rather than macrophages, may be essential for axonal regeneration. Thus, segments of peripheral nerve in which sheath cells have been killed by freezing become infiltrated by macrophages in vivo (1) but are only penetrated by regenerating axons in association with immigrating Schwann cells (18, 32) . To help narrow down the cellular sources of the few proteins whose synthesis appeared to increase following nerve injury, we determined whether these proteins were also secreted by segments of cultured or frozen and replaced nerves. These experiments indicated that two proteins (M2 and M10) are released from both lesioned and frozen nerves and are therefore likely to be synthesized by macrophages. The remaining three proteins, M3, M4, and M7, appear to be nerve sheath cell products since there was little or no secretion of these proteins from frozen nerves. M4 and M7 also showed increased radiolabel incorporation in cultured nerve segments 
Note. >, >>, and >>> denote significant increases compared with unoperated at P Ͻ 0.05, P Ͻ 0.01, and P Ͻ 0.001, respectively; while <, <<, and <<< denote decreases compared with unoperated at these significance values. All molecular masses are in kDa and isoelectric point values in NEPHGE are the apparent pI (pIЈ).
and might therefore be involved in nerve regeneration, since isolated segments of adult mouse sciatic nerve support axonal regeneration in vivo under the experimental conditions used in the present study (11, 40) . It is possible that changes in the incorporation of radiolabel by some proteins might be due to injury-induced modifications involving addition or removal of methionine residues, rather than changes in their abundance. However, such modifications would be accompanied by changes in the molecular weight and often the isoelectric point of the modified protein (38) . No such shifts in molecular weight or charge were detected in any of the injury-associated proteins we describe, suggesting that the changes we detect in radiolabel incorporation do reflect changes in the relative amounts of these proteins that are released post-lesion. However, at present we cannot determine whether the concentrations of these various proteins change due to altered release or synthesis rates.
One previous study (3) used HPLC to fractionate molecules secreted by regenerating rat peripheral nerves and demonstrated the presence of survival factors for chick ciliary and sympathetic neurons in the molecular mass ranges 13-18 and 20-32 kDa. In another study (17) , one-dimensional SDS gels were used to demonstrate the up-regulation of 250-, 89-, 67-, 65-, and 18-kDa proteins from the distal stumps of rat sciatic nerves lesioned 14 days previously. That study further demonstrated a neurotropic effect of the 89-and 18-kDa components on DRG neurons. In this study, we also detected the elevated secretion of a group of neutral charged molecules within the molecular mass range 13-18 kDa following nerve injury (M7) and elevated secretion of an acidic group of molecules in the molecular weight range 27-31 kDa (M3).
The acidic 38-kDa protein, designated M2 in our study, may correspond to Apo-E, known to be released from lesioned peripheral nerves of rat, rabbit, and mouse and with a molecular mass of 32-37 kDa on SDS gels (1, 20, 31) . We find that secretion of protein M2 remains elevated throughout the 2 weeks postlesion and is also elevated in frozen nerves and to a lesser extent in cultured nerves, in agreement with (1). Increased expression of neurotrophins (BDNF, NT-3, NT-4) and GDNF in lesioned nerves has been demonstrated by molecular biology techniques in other studies (14, 30, 41) . However, careful examination of our autoradiographs failed to reveal correspondence between individual spots showing increased secretion and the predicted molecular weights and pI values of known neurotrophins. It seems likely therefore that the synthesis rates and/or quantities of these factors released from the lesioned nerves are too low to be detected by the techniques used in the present study.
Since PNS sheath cells can promote axon growth in both PNS and CNS environments (4, 35), considerable effort has been invested in searching for putative growth factors produced by degenerating peripheral nerves, but with only limited success. In one study, a cDNA library of lesioned adult rat peripheral nerve was screened by differential hybridization and found increased expression of only 11 of 2000 clones (8) , while 30 of 5000 clones showed reduced expression. A similar study (15) , using a cDNA library from crushed rat sciatic nerve, revealed the up-regulation of 15 clones and the down-regulation of 9 clones in a population of 5000 clones. In the present study, we have shown that using 2-D gel electrophoresis it is possible to detect increases in expression of at least three injuryassociated proteins that do not appear to have been detected in other studies (M2, M4, and M10). In view of the fact that gel electrophoresis and autoradiography are likely to be less sensitive than molecular biological techniques such as Northern blotting, this suggests that the proteins detected in our experiments are probably more abundant than other proteins such as the neurotrophins (which we failed to detect). The identity of these proteins and their role in peripheral nerve regeneration remain to be established.
